Many flowering plants possess systems of self-incompatibility (SI) to prevent inbreeding. In Brassica, SI recognition is controlled by the multiallelic gene complex (S-haplotypes) at the S-locus, which encodes both the male determinant S-locus protein 11 (SP11/SCR) and the female determinant S-receptor kinase (SRK). Upon self-pollination, the S-haplotype-specific interaction between the pollen-borne SP11 and the cognate stigmatic SRK receptor induces SI signaling in the stigmatic papilla cell and results in rejection of the self-pollen. Our genetic analysis of a self-compatible mutant revealed the involvement of a cytoplasmic protein kinase, M-locus protein kinase (MLPK), in the SI signaling, but its exact physiological function remains unknown. In this study, we identified two different MLPK transcripts, MLPKf1 and MLPKf2, which are produced using alternative transcriptional initiation sites and encode two isoforms that differ only at the N termini. While MLPKf1 and MLPKf2 exhibited distinct expression profiles, both were expressed in papilla cells. MLPKf1 localizes to the plasma membrane through its N-terminal myristoylation motif, while MLPKf2 localizes to the plasma membrane through its N-terminal hydrophobic region. Although both MLPKf1 and MLPKf2 could independently complement the mlpk/mlpk mutation, their mutant forms that lack the plasma membrane localization motifs failed to complement the mutation. Furthermore, a bimolecular fluorescence complementation assay revealed direct interactions between SRK and the MLPK isoforms in planta. These results suggest that MLPK isoforms localize to the papilla cell membrane and interact directly with SRK to transduce SI signaling.
INTRODUCTION
Self-incompatibility (SI) is a genetic system present in flowering plants that promotes outbreeding by rejecting self-pollen (de Nettancourt, 2001; Takayama and Isogai, 2005) . SI is based on the discrimination of self and non-self between pollen and pistil, followed by selective inhibition of self-pollen germination and/or growth. In Brassica, SI recognition is controlled by a multiallelic gene complex (termed the S-haplotype; S 1 , S 2 , -, S n ) at a single locus, termed the S-locus. More than 100 S-haplotypes are thought to be present in certain Brassica species (Nou et al., 1993) .
Genomic analyses of the Brassica S-locus revealed the presence of three multiallelic genes: S-receptor kinase (SRK) (Stein et al., 1991) , S-locus protein 11 (SP11; also called S-locus Cys rich [SCR] ) (Schopfer et al., 1999; Suzuki et al., 1999) , and S-locus glycoprotein (SLG) (Nasrallah et al., 1987; Takayama et al., 1987) . SRK encodes a membrane-spanning Ser/Thr receptor kinase that localizes to the papilla cell membrane and functions as the sole determinant of the SI phenotype of the stigma (Takasaki et al., 2000) . SP11 encodes a small Cys-rich protein that localizes to the pollen coat and functions as the sole determinant of the SI phenotype of the pollen (Schopfer et al., 1999; Takayama et al., 2000; Shiba et al., 2001) . SLG encodes a secreted glycoprotein that shares significant sequence similarity with the extracellular domain of SRK and is abundant in the papilla cell wall. Transformation experiments suggested that SLG is not involved directly in SI phenotype determination, and its physiological role remains controversial (Takasaki et al., 2000; Silva et al., 2001 ). Biochemical studies have clearly shown that SP11 is a ligand for SRK, and the specificity of the SI response can now be explained by the S-haplotype-specific interactions between the SP11 ligand and the SRK receptor (Kachroo et al., 2001; Takayama et al., 2001) . During a self-pollination event, the pollen-borne SP11 ligand binds specifically to the extracellular domain of its cognate self SRK and activates its kinase domain (Cabrillac et al., 2001; Takayama et al., 2001; Shimosato et al., 2007) . This activation presumably triggers a signaling cascade that results in the inhibition of pollen hydration, germination, and the penetration of the pollen tube into the papilla cell wall. However, our understanding of the signal transduction pathway downstream of SRK is limited.
Arm repeat containing1 (ARC1), a stigmatic U-box protein with E3 ubiquitin ligase activity, is a potent positive mediator of this signal transduction pathway (Stone et al., 2003) . ARC1 interacts with the kinase domain of SRK in a phosphorylation-dependent manner via a C-terminal arm repeat domain, and antisense suppression of ARC1 resulted in a partial breakdown in the SI response (Gu et al., 1998; Stone et al., 1999) . In one model, ARC1 is activated by SRK and then promotes the ubiquitination and proteasomal degradation of unknown compatibility factors in the pistil, which in turn results in pollen rejection. However, most components of this model require experimental validation.
We have recently identified another positive mediator of SI signaling by genetically analyzing a spontaneous self-compatible mutant of Brassica rapa var Yellow Sarson (Murase et al., 2004) . Yellow Sarson has a recessive mutation of the modifier (m) gene, which completely eliminates the SI response in the stigma. Positional cloning of the M gene revealed that it encodes a cytoplasmic Ser/Thr protein kinase, designated M-locus protein kinase (MLPK). The mutant form of mlpk has a missense mutation in the conserved kinase subdomain VIa that results in the loss of kinase activity. MLPK belongs to a subfamily of the receptor-like cytoplasmic kinase (RLCK) family, the members of which share a common monophyletic origin with receptor-like kinases but have no apparent signal sequences or transmembrane domains (Shiu and Bleecker, 2001) . Although the genome of Arabidopsis thaliana contains as many as 150 RLCKs, little is known about the function of any RLCK. MLPK is the sole example suggested to mediate the signaling of receptor-like kinases, but the exact function of MLPK, especially the physiological relationship between MLPK and SRK, has not yet been elucidated.
Here, we analyzed MLPK expression in detail and found two different transcripts, which we call MLPKf1 and MLPKf2. MLPKf1 is the transcript previously reported (Murase et al., 2004) , and MLPKf2 is a newly identified transcript produced by an alternative transcription initiation site present in the third intron of the MLPKf1 gene. The use of two alternative transcription initiation sites generates two MLPK isoforms that differ only at their N termini. While MLPKf2 is transcribed and predominantly expressed in the stigma, MLPKf1 is divergently transcribed in the stigma, leaf, and stem. Although both MLPK isoforms localized to the plasma membrane, the localization of MLPKf1 is myristoylation dependent, while that of MLPKf2 is dependent upon its specific N-terminal hydrophobic region. Transient expression of MLPKf2, as well as that of MLPKf1, complemented the mlpk/ mlpk mutation and restored the SI phenotype in mutated papilla cells, but the MLPK mutants that lack the plasma membrane localization motifs failed to complement the mlpk/mlpk mutation. Furthermore, a bimolecular fluorescence complementation (BiFC) assay in plant protoplasts revealed a direct interaction between SRK and the MLPK isoforms. These results suggested that MLPK isoforms localize to the papilla cell membrane and interact directly with SRK to transduce SI signaling.
RESULTS

Identification of Alternative Transcriptional Isoforms of MLPK
In our previous work (Murase et al., 2004) , we obtained the MLPK cDNA sequence, which covers the entire coding region, by RT-PCR using primers based on the cDNA sequence of APK1b, a putative Arabidopsis ortholog of MLPK (Hirayama and Oka, 1992) . To further characterize the MLPK transcript, we performed 59 rapid amplification of the cDNA ends (59 RACE) with stigmatic cDNA. The 59 RACE analysis revealed two isoforms of the MLPK gene product expressed in the stigma (Figure 1) . One, designated MLPK form 1 (MLPKf1), is the transcript previously reported (Murase et al., 2004) , which consists of eight exons encoding a protein of 404 amino acids ( Figures 1A and 1B) . The other, designated MLPK form 2 (MLPKf2), is an alternative transcript produced using an alternative transcription initiation site located in the third intron of the MLPKf1 gene. The third intron also contains a potential translation start codon followed by a nucleotide sequence encoding an alternative N-terminal 23-amino acid sequence of MLPKf2 fused in frame to the codon for Gly-18 of MLPKf1 ( Figure 1A) . Thus, the MLPKf2 transcript encodes a protein of 410 amino acids that differs from the MLPKf1 isoform only at the N terminus.
In the 59 RACE analysis using stigmatic cDNA, MLPKf2 was the major amplification product (MLPKf2, 26 clones; MLPKf1, 2 clones). To confirm that MLPKf2 was the major transcript expressed in the stigma, we screened stigmatic cDNA libraries by plaque or colony hybridization. Of the 10 independent cDNA clones we obtained, four clones contained the short fragments common to both isoforms, but the other six contained the longer fragments corresponding to MLPKf2 isoform. These data suggest that MLPKf2, rather than MLPKf1, is the major isoform transcribed in the stigma.
Tissue-Specific Expression of MLPK Isoforms
Previous RNA gel blot analyses suggested that MLPK was predominantly expressed in the stigma but that low expression levels were observed in other tissues (Murase et al., 2004) . Although we could not distinguish the two MLPK isoforms by RNA gel blot analysis because they have similar molecular sizes, the 59 RACE analysis suggested that the major isoform expressed in the stigma was MLPKf2. To confirm this finding, we performed RT-PCR analysis using isoform-specific primers. As expected, strong and specific expression of MLPKf2 was observed in the stigma (Figure 2A ). On the other hand, weak and divergent expression of the MLPKf1 isoform was observed in stigma, stem, and leaf but not in anther. To compare the expression levels of these transcripts in more detail, we performed real-time RT-PCR analysis on stigmas collected at various developmental stages ( Figure 2B ). The expression levels of both MLPKf2 and MLPKf1 transcripts increased with stigma development and reached maximum levels at anthesis. However, the MLPKf2 transcript is ;10-fold more abundant than that of MLPKf1 throughout the various developmental stages of the stigma, while MLPKf2 was less abundant than MLPKf1 (;25%) in leaf tissue.
To further confirm that these isoforms are expressed in the papilla cell of stigma, where the SI recognition event occurs, we conducted an in situ hybridization analysis ( Figure 2C ). The MLPKf2 antisense oligo probe gave an intense signal in the papilla cells and the transmitting tissue. Weak but significant signal was also observed in the papilla cells by the MLPKf1 antisense oligo probe. These results suggested that both MLPKf2 and MLPKf1 are actually expressed in the stigmatic papilla cells, where SI signaling is transduced.
APK1b is thought to be an Arabidopsis ortholog of MLPK based on the highest sequence similarity (76% amino acid identity) and genomic synteny between their loci. APK1b has a genomic structure similar to MLPK, and the protein-coding region was predicted to be contained within six exons as MLPKf1 (named APK1bf1). The genomic sequence analysis suggested that the first intron of APK1bf1 contains an MLPK-like potential translation start codon, suggesting the presence of an alternative transcript like MLPKf2 (named APK1bf2). To test this possibility, (A) Nucleotide and deduced amino acid sequences of the alternative transcription region of the MLPK gene. Genome sequence was obtained by sequencing the BAC251-22 clone (Murase et al., 2004) . Exon/intron structure was deduced by comparing the genome sequence and the cDNA sequence. The 59 end of MLPKf2 was determined by sequencing MLPKf2 clones obtained from a stigmatic full-length cDNA library. The 59 end of MLPKf1 was predicted by two independent 59 RACE reactions. Putative TATA boxes are denoted by double underlined letters. The predicted N-terminal amino acid sequences of MLPKf1 and MLPKf2 are indicated by arrows, and the nucleotides sequences of the MLPKf1 and MLPKf2 transcripts are shaded in dark and light gray, respectively, and their common nucleotide sequence is underlined. The putative initiation sites (ATG) are shaded in black. we performed RT-PCR analysis and found that both isoforms are transcribed ( Figure 1C) . RT-PCR analysis with isoform-specific primers suggested that the APK1bf2 transcript was predominantly expressed in stigma, as found for MLPKf2 (Figure 2A) , and also suggested that APK1bf1 was widely expressed in various tissues, similar to MLPKf1. These results suggested that the molecular mechanisms that produce these two alternative MLPK (or APK1b) transcripts and regulate their expression patterns are conserved in the genera of Brassica and Arabidopsis.
The MLPK Isoforms Localize to the Plasma Membrane by Different Mechanisms
Previous biochemical studies using a polyclonal antibody raised against the full-length recombinant MLPKf1 protein have shown that native MLPK protein is localized to the plasma membrane fraction but not to the soluble fraction of stigma extracts (Murase et al., 2004) . Considering that two MLPK isoforms are expressed in the stigma, these previous studies suggested that both MLPK isoforms are localized to the plasma membrane.
MLPKf1 has a typical plant myristoylation consensus sequence, M-G-X{not EDFKRVWY}-X-X-[STACFGRV]-X{not DE}, at its N terminus ( Figure 3A ) (Hanks and Quinn, 1991; Boisson et al., 2003) . This motif was also found in the APK1bf1 isoform and in closely related RLCKVII subfamily members, including APK1a, APK2a, and NAK ( Figure 3B ). By contrast, MLPKf2 and APK1bf2 lack the typical myristoylation motif, in which the third Phe and sixth Lys residues do not match the consensus sequence ( Figure 3A) . However, the second Gly, the attachment site of the myristoyle residue, is retained ( Figure 3A ).
To test whether the motif in MLPKf1 actually functions as a myristoylation site and that the motif in MLPKf2 does not, in vitro transcription and translation experiments were performed in the presence of 3 H-labeled myristic acid ( Figure 3C ). Consistent with the prediction, myristic acid was incorporated into MLPKf1 but not into MLPKf2 ( Figure 3C ). Furthermore, when we translated the mutant form of MLPKf1 G2A , in which the second Gly of MLPKf1 was changed to Ala, the incorporation of myristic acid was not observed ( Figure 3C ). These results clearly indicate that MLPKf1, but not MLPKf2, is myristoylated at its N-terminal Gly site.
To analyze the relationship between myristoylation and subcellular localization, we transiently expressed green fluorescent protein (GFP) fusions of these MLPK isoforms in protoplasts prepared from tobacco (Nicotiana tabacum) BY-2 cells (Figure 4 ). Consistent with our previous observations, the fluorescent signal of the MLPKf1-GFP fusion protein was detected predominantly at the plasma membrane, as was that of the SRK-GFP fusion protein. However, the fusion protein of the MLPKf1 G2A mutant form (MLPKf1 G2A -GFP) localized around the nucleus and cytosol similar to free GFP (control). These results suggested that MLPKf1 localizes to the plasma membrane in a myristoylationdependent manner. The fusion of the MLPKf2 isoform (MLPKf2-GFP) also exhibited the plasma membrane localization as with MLPKf1 isoform, but its localization was not affected by the mutation at the second Gly, and the fluorescent signal of MLPKf2 G2A -GFP was detected at the plasma membrane. These results suggested that MLPKf2 also localizes to the plasma membrane but in a myristoylation-independent manner.
The plasma membrane localization of MLPKf2 must depend on its specific N-terminal amino acid sequence. Although no typical membrane localization motif was found in MLPKf2, its hydropathy profile indicates hydrophobicity in the N terminus ( Figure 3D ). The hydrophobic region was predicted not to be a signal peptide by a signal peptide-predicting algorithm (SignalP; http://www.cbs.dtu.dk/services/SignalP-2.0/) and predicted not to be a transmembrane helix by the transmembrane hidden Markov model (TMHMM) program (http://www.cbs.dtu.dk/services/ TMHMM/). Thus, we hypothesized that the hydrophobic region of MLPKf2 might mediate its monotopic membrane interaction. To determine whether the hydrophobic region is involved in the localization to the plasma membrane, we expressed a GFP fusion protein of mutated MLPKf2 (MLPKf2DHR) lacking the hydrophobic region (from Val-11 to Ile-23) and monitored its subcellular localization (Figure 4 ). MLPKf2DHR-GFP failed to localize to the plasma membrane and was instead distributed in the cytosol, suggesting that the hydrophobic region was necessary for the plasma membrane localization of MLPKf2.
Both MLPK Isoforms Complement the Self-Compatible Phenotype of the mlpk Mutation
We have previously shown that the transient expression of MLPKf1 complemented the mlpk/mlpk mutation and restored the SI phenotype in mutated papilla cells (Murase et al., 2004) . To test whether the MLPKf2 isoform also complements the mlpk/ mlpk mutation, we adapted the transient assay. MLPKf2 and red fluorescent protein (RFP) genes were cointroduced into the papilla cells of mlpk/mlpk plants (S 8 S 8 mm) by particle bombardment. After confirming gene introduction by RFP fluorescence, self-or cross-pollen (S 8 S 8 or S 9 S 9 ) was attached to the RFPexpressing papilla cells and we monitored pollen tube growth microscopically. In control experiments in which only the RFP gene was introduced, 71% of self-pollen grains germinated and penetrated into papilla cells (Table 1) . When RFP and MLPKf1 Hopp and Woods (1981) .
genes were cointroduced, the percentage of penetrated selfpollen tubes was significantly reduced (to 38%), confirming our previous results (Murase et al., 2004) . When the MLPKf2 gene was cointroduced, the penetration of self-pollen tubes was also inhibited (to 36%), similar to MLPKf1. This inhibition was specific for self-pollen but not cross-pollen, suggesting the restoration of the SI phenotype of mlpk/mlpk plants. These results suggest that both MLPK isoforms can independently transduce SI signaling in papilla cells.
Membrane Localization Is Essential for MLPK Isoforms to Function in SI Signaling
Both MLPK isoforms seemed to localize to the plasma membrane, although the localization mechanisms differed. This suggests that MLPK may function in the vicinity of SRK and that the plasma membrane localization is important for MLPK to function in SI signaling. To address this issue, we transiently expressed mutated forms of MLPK lacking membrane localization signals in papilla cells and monitored the complementation of the mlpk/ mlpk mutation (Table 1 ). The MLPKf1 G2A mutant form lacking the myristoylation site failed to complement the mlpk/mlpk mutation and failed to restore the SI phenotype. The MLPKf2DHR mutant form, which lacks the N-terminal hydrophobic region and loses its plasma membrane localization (Figure 4) , also failed to complement the mlpk/mlpk mutation. These results suggested that membrane localization is crucial for MLPK to function in SI signaling.
MLPK Isoforms Directly Interact with SRK in the Plasma Membrane
The prerequisite for plasma membrane localization of MLPK isoforms during SI signaling supported the view that MLPKs functions in the vicinity of SRK. To examine the possibility that MLPKs directly interact with SRK on the plasma membrane in plant cells, we used a BiFC assay (Hu et al., 2002) . MLPKf1 and MLPKf2 were fused to N-terminal yellow fluorescent protein (YN), and SRK was fused to C-terminal yellow fluorescent protein (YC), and the fusion proteins were used for BiFC assays ( Figure  5A ). Distantly related stigmatically expressed Leu-rich repeat receptor kinases, RLK1 (At1g09970) and RLK2 (At5g25930), which localized to the plasma membrane (Figure 4) , were fused to YC and used as controls. When the fused MLPKf1-YN or MLPKf2-YN were coexpressed with SRK-YC in tobacco BY-2 cell protoplasts, a strong fluorescent signal was reproducibly detected at the plasma membrane. The fluorescence emission spectral analysis revealed that these fluorescent signals were derived from the reconstituted YFP fluorophore ( Figure 5B ). The YFP signal was never detected when MLPKf1-YN or MLPKf2-YN were coexpressed with nonfused YC, RLK1-YC, or RLK2-YC ( Figure 5A ). The YFP signal was also not detected when the mutant forms of MLPKs, which lacked the plasma membrane localization motifs (MLPKf1 G2A -YN and MLPKf2DHR-YN), were coexpressed with SRK-YC, suggesting that the membrane localization of MLPK isoforms is a prerequisite for the direct interaction with SRK. In the cells transformed with the membrane-localized form of MLPKf1-YN (or MLPKf2-YN) and SRK-YC constructs, we consistently detected reconstituted YFP signals in all of the cells expressing enhanced cyan fluorescent protein (eCFP), which was cointroduced with the BiFC constructs as a transformation marker. The reconstitution of the YFP fluorophore was not dependent on SP11 ligand, and we observed no obvious difference in the expression of YFP signals when the protoplasts were incubated with or without SP11 protein. These results suggested that both MLPKf1 and MLPKf2 spontaneously interact with SRK on the plasma membrane of stigmatic papilla cells to transduce SI signaling.
DISCUSSION
Here, we describe an alternative MLPK isoform, MLPKf2, which is transcribed from an alternative transcription start site located in the third intron of the MLPKf1 gene. The resulting MLPKf2 isoform encodes a protein sequence identical to the MLPKf1 isoform, excepting the N terminus. Such expression systems, called alternative first exons (AFEs), in which the first exon of one splice variant of a gene is located within an intronic region of another variant, have been well documented in mammals and are suggested to contribute to the diversification of gene expression Zavolan et al., 2002) . Although some AFEs merely change the 59-untranslated region and lead to no protein differences, many AFEs alter the N termini of the translated proteins, as is the case with MLPK. A very similar example of AFE was reported in c-Abl, a mammalian cytoplasmic Tyr kinase that is closely related to Src family kinases . Like MLPK, c-Abl is expressed by AFE in two isoforms, 1a and 1b, which differ only at the N termini. The 1b form contains a myristoylation signal and is expressed in divergent tissues, and the 1a form contains hydrophobic residues that are absent in 1b and is expressed in some tissues in a more specific manner (Renshaw et al., 1988; Nagar et al., 2003) . When expressed under b-actin promoter, both isoforms could independently rescue most defects caused by c-Abl gene knockout (Hardin et al., 1996) ; thus, the functional difference of two isoforms and the biological significance of AFE remain unknown.
Very few studies have looked at AFE transcripts in plants. Arabidopsis SYN1, a RAD21-like gene essential for meiosis, is one of the few reported AFE transcripts (Bai et al., 1999) . Alternative promoters and splicing produced two SYN1 transcripts encoding similar-sized proteins differing only at their N termini. One transcript (BP2) was expressed at low levels in most tissues, whereas the other (BP5) was expressed only in prebolting buds. The low levels of BP2 expression throughout the plant suggested a potential role in processes other than meiosis, but its physiological significance remains unknown. Another example of AFE transcripts reported in plants is the SBE gene, which encodes a starch-branching enzyme (Hamada et al., 2002; Kitagawa et al., 2005) . One shorter SBE transcript was expressed constitutively, while a longer transcript was expressed in limited tissues, including developing seeds. It was suggested that the differences between the N termini of SBE affect its enzymatic properties and subcellular localization. Thus, AFEs may play a role in the coupling of promoter selection (tissuespecific expression) and protein diversity (Kitagawa et al., 2005) .
In MLPK AFE transcripts, MLPKf1 is expressed divergently and weakly in most tissues, while MLPKf2 is predominantly expressed in stigma. This AFE system and the expression pattern of each transcript are conserved in APK1b, the Arabidopsis MLPK ortholog. This finding implies that the expression system has been conserved for more than 23 million years, since the genera Arabidopsis diverged from Brassica (Koch et al., 2000) , suggesting a potential physiological implication for this expression system. Arabidopsis is a selfing plant that has lost functional SP11 and SRK alleles, but the transformation experiments of these genes suggested that the rest of the genes required to express the pollen rejection response remain intact (Nasrallah et al., 2002; Shimizu et al., 2004) . MLPKf2 and APK1bf2, the major isoforms expressed in the stigma, must be the primary signal transducers functioning (or previously functioning) in SI signal transduction. By contrast, MLPKf1 and APK1bf1 isoforms are expressed in most tissues, including the stigma. Because MLPKf1 can complement the mlpk/mlpk mutation, it must also function in SI signal transduction in the stigma. However, the divergent expression profiles of these isoforms and the fact that a functional APK1b gene has been retained in Arabidopsis since the plant lost functional SP11 and SRK genes suggest the possibility that these isoforms play different roles in other tissues.
To test for biological functions of APK1b aside from SI signal transduction, we analyzed a T-DNA knockout line for APK1b; we failed, however, to detect any phenotypic alterations including fertility (see Supplemental Figure 1 online). APK1b belongs to the subfamily RLCK VII, which comprises 46 members in Arabidopsis (Shiu and Bleecker, 2001) , and some of these members are closely related to APK1b. For example, APK1a and NAK have 85 and 68% amino acid similarity with APK1bf1, respectively, and both of these genes are suggested to be divergently expressed in most tissues (http://www.cbs.umn.edu/Arabidopsis/; Figure 2A ). Redundancy with regard to RLCK VII kinases might explain the lack of aberrant phenotype in knockout mutants of APK1b.
Further studies are needed to conclude whether APK1b plays any other role(s) in addition to SI signal transduction.
The plasma membrane localization of both GFP fusion proteins of MLPKf1 and MLPKf2 is consistent with the previous observation that native MLPK protein in stigma separated into the plasma membrane fraction during differential centrifugation and aqueous two-phase partitioning experiments (Murase et al., 2004) . Interestingly, the two MLPK isoforms are targeted to the plasma membrane by different mechanisms. The membrane localization of MLPKf1 is myristoylation dependent, but that of MLPKf2 is dependent upon its specific N-terminal hydrophobic region. MLPKf1 has a typical plant myristoylation motif at its N terminus and incorporated myristic acid in an in vitro translation experiment. Proteins singly modified by N-myristoylation tend to be only loosely coupled to membranes, and in many cases, membrane association was further strengthened by the subsequent palmitoylation that often occurs at Cys residues near the N terminus (Thompson and Okuyama, 2000) . The fourth Cys residue of MLPKf1 is highly conserved among the members of the RLCK VII subfamily (e.g., APK1bf1, APK1a, APK2a, and NAK; Figure 3B ) and can serve as a possible palmitoylation site, though this should be confirmed in future studies.
Myristoylation is an irreversible posttranslational protein modification found in animals, plants, fungi, and viruses. Despite the fact that a vast number of plant proteins contain consensus signature sequences for myristoylation and could theoretically be myristoylated (Podell and Gribskov, 2004) , our knowledge is very limited as to whether they are in fact myristoylated and whether such a modification is important for their function. Calcium-dependent protein kinases (CDPKs) form a multigene family and are involved in various signaling pathways in plants (Raices et al., 2003; Gargantini et al., 2006) . CDPKs exhibit a variety of subcellular localizations, and myristoylation was shown to be a prerequisite for the membrane localization of certain CDPK members, but the biological significance of such localization remains unclear. Myristoylation was shown to be essential for the function of a Ca 2þ sensor protein, SOS3 (for salt overly sensitive 3), in plant salt tolerance (Ishitani et al., 2000) . Why myristoylation is necessary for SOS3 function, however, remains a mystery, as no significant difference was observed between the membrane association of wild-type SOS3 and a nonmyristoylated SOS3 mutant. The tomato (Solanum lycopersicum) R gene product Pto confers race-specific resistance to Pseudomonas syringae pv tomato bacteria carrying avrPto or avrPtoB, and myristoylation was shown to be required for the induction of defense responses, including the hypersensitive responses de Vries et al., 2006) . The N-myristoylation of Pto did not affect its subcellular localization; rather, the N-myristoyl moiety was suggested to be involved in the interactions with downstream signaling components and/or the autoinhibition of its kinase activity. In contrast with these examples, clear relationships were observed for MLPKf1 between N-myristoylation, plasma membrane localization, and the biological function of SI signaling. This observation suggested that the membrane localization of MLPK is essential for SI signal transduction. This hypothesis was further strengthened by the observations that functional MLPKf2 also localized to the plasma membrane via a different mechanism using its specific hydrophobic amino acid region and that the deletion of this region resulted in both the loss of plasma membrane localization and the loss of biological function.
The prerequisite for plasma membrane localization of MLPK during SI signaling could be explained by our BiFC assays, suggesting that MLPK directly interacts with SRK on the plasma membrane. In our previous study using a conventional yeast twohybrid system and a split-ubiquitin membrane-based yeast twohybrid system, we failed to detect a direct interaction between SRK and MLPK (Kakita et al., 2007) . We showed that the recombinant SRK kinase domain could efficiently phosphorylate recombinant MLPK in vitro, suggesting that the interaction between SRK and MLPK should be rather weak or transient, as observed for certain interactions between mammalian kinases and their substrates (Miyazawa et al., 2002; Waas and Dalby, 2002) . Thus, in this study, we used a BiFC assay system to detect a possible SRK-MLPK interaction because this system is known to stabilize weak or transient interactions (Bhat et al., 2006) . The BiFC assays clearly suggested that both MLPKf1 and MLPKf2 specifically interact with SRK on the plasma membrane in plant protoplasts. The interaction was observed in the absence of SP11, as in the case of a previous interaction analysis between Brassinosteroid Insensitive1 (BRI1) and BRI1-associated receptor kinase using fluorescence life time imaging microscopy (Russinova et al., 2004) . These results suggested that SRK and MLPK spontaneously interact on the stigmatic papilla cell membrane.
Because the mlpk/mlpk mutants exhibit a complete selfcompatible phenotype, MLPK must be a primary component of SI signaling. Only one other molecule that is suggested to function in the SI signaling pathway is a U-box motif-containing protein, ARC1 (Stone et al., 1999) . ARC1 interacts directly with the kinase domain of SRK in a phosphorylation-dependent manner via a C-terminal arm repeat domain. ARC1 has U-boxdependent E3 ubiquitin ligase activity and is thought to be involved in the degradation of unknown compatibility factors in the pistil, leading in turn to pollen rejection (Stone et al., 2003) . If ARC1 is also a primary component of SRK signaling, the SRK signal transferred to MLPK must return to SRK because ARC1 is a direct downstream effector of SRK. In animal cells, Src family kinases, which are myristoylated membrane-anchored Tyr kinases, are known to interact with activated receptor Tyr kinases and mutually stimulate the other's activity, thereby strengthening and prolonging the signal (Thomas and Brugge, 1997) . MLPK acting as a coreceptor within the SRK receptor complex should be an attractive model for future studies of SI signaling.
METHODS
Plant Materials
Self-incompatible Brassica rapa S 8 and S 9 homozygotes and the selfcompatible mlpk/mlpk mutant line (S 8 S 8 mm) have been described previously (Murase et al., 2004) . Tobacco (Nicotiana tabacum) BY-2 culture cells were maintained according to established procedures (Tse et al., 2006) .
RT-PCR and RACE
Total RNA was isolated from various tissues using ISOGEN (Nippon Gene) according to the manufacturer's protocol. First-strand cDNA (cDNA) was synthesized from 1 mg of DNase I-treated total RNA using Superscript II RNaseH reverse transcriptase (Invitrogen). Target genes were amplified using the following primers: MLPKf1, MF1F (59-ATGGG-GATTTGCATGAGTGT-39) and Race6 (59-TTCATCCTCTAAGCAGTAA-CCGAT-39); MLPKf2, MF2F (59-ATGGGTTTTGTGAAAAAAGTG-39) and Race6; ubiquitin (control) gene, Ubif (59-ATGCAGATCTTTTGTGAA-GAC-39) and Ubir (59-ACCACCACGGAAGACGGAG-39). RT-PCR was conducted using the following profiles: 5 min denaturation at 948C, followed by 28 cycles for MLPKf1, 25 cycles for MLPKf2, and 21 cycles for ubiquitin of 948C for 30 s, 558C for 30 s, and 688C for 1 min. A final incubation was for 5 min at 728C. After the PCR products were separated on 1% agarose gels and stained with ethidium bromide, gel images were captured using a UV illuminator.
The 59 RACE was performed using a GeneRacer kit (Invitrogen). First and nested PCR were performed with the MLPK gene-specific reverse primer M5race1 (59-TGTCTAGTCTGAAATTCCTA-39) and M5race3 (59-TTGCAAGATCTCTCCTTCGG-39), respectively. The PCR products were cloned into pGEM T-Easy (Promega) and sequenced.
cDNA Screening A stigma cDNA library from an S 36 homozygote was constructed in lambda ZapII (Stratagene), and a stigma cDNA library from an S 9 homozygote was constructed in pBluescript II SKþ (Stratagene) using a cDNA synthesis kit (TaKaRa). A stigma full-length cDNA library of the S 9 homozygote was constructed by Hitachi High-Technologies using the vector-capping method (Kato et al., 2005 ). An alkaliphosphatase-labeled MLPK cDNA probe was prepared using Alkphos Direct (GE Healthcare), and the stigma cDNA libraries were screened by plaque or colony hybridization. Two, one, and seven positive clones were obtained from 100,000 clones of the S 36 stigma cDNA library, 40,000 clones of the S 9 stigma cDNA library, and 200,000 clones of the S 9 stigma full-length cDNA library, respectively.
Real-Time RT-PCR
Total RNA samples from B. rapa tissues were purified using ISOGEN (Nippongene) according to the manufacturer's protocols and treated with RNase-free DNaseI (Qiagen). The concentration and purity of total plant RNA was determined by spectrophotometric analysis. Expression profiles of MLPKf1 and MLPKf2 were analyzed by one-step real-time RT-PCR analyses using the QuantiTect SYBR Green RT-PCR kit (Qiagen) according to the manufacturer's protocol. All reactions contained 100 ng of total RNA, 13 QuantiTect SYBR Green RT-PCR Master Mix, 1 mM forward primer, 1 mM reverse primer, and 0.2 mL QuantiTect RT mix in a 20 mL total volume. The MLPKf1-specific forward primer was 59-ATGGG-GATTTGCATGAGTGTTC-39, and the MLPKf2-specific forward primer was 59-ATGGGTTTTGTGAAAAAAGTGCA-39. The common reverse primer was 59-GCTTGTTCTGACAGACACAGAAGAG-39. The reaction was monitored using an ABI PRISM 7700 sequence detection system (Applied Biosystems). Reaction mixtures were incubated for 30 min at 508C for reverse transcription and 15 min at 958C, followed by 40 amplification cycles of 15 s at 948C/30 s at 558C/30 s at 608C. To estimate absolute mRNA levels of unknown samples, a standard curve of a sixdilution series (1 3 10 3 , 1 3 10 2 , 1 3 10, 1 3 108, 1 3 10 À1 , and 1 3 10 À2 fg) was constructed from plasmid DNA quantified by a spectrophotometer.
In Situ Hybridization
The pistils of B. rapa S 8 S 8 homozygote were collected 1 d before anthesis. The digoxigenin-labeled antisense and sense oligo-DNA probes were purchased from Nihon Gene Research Laboratory. The cDNA sequences used for antisense and sense probes were as follows: 59-GATCCGTCTCAAAATCATGGGGATTTGCATGAGTGTTCAGGTTAA-AGCTGAGAGTCCAAG-39 for MLPKf1 and 59-ACATTTGTCTGATCTC-TTAATTACAACAAAACCATTTGTACTAAATTTCGGATAAATGGG-39 for MLPKf2. In situ hybridization to 10-mm-thick Paraplast (Sigma-Aldrich) sections of formaldehyde-fixed pistils was performed as previously described (Shiba et al., 2002) .
In Vitro Myristoylation Assay
For in vitro transcription and translation analyses, the pCMVTnT vector (Promega) was converted to a Gateway-compatible destination vector (pCMVTnT/gw) using the Gateway vector conversion system (Invitrogen). The following forward primers were used for PCR amplification from the cDNA: MLPKf1, 59-CACCATGGGATTTGCATGAGTGTTCAG-39; MLPKf2, 59-CACCATGGGTTTTGTGAAAAAAGTGCAATC-39; MLPKf1 G2A , 59-CAC-CATGGCGATTTGCATGAGTGTTCAGGTTAAAG-39; and MLPKf2 G2A , 59-CACCATGGGTTTTGTGAAAAAAGTGCAATCAAAAGGTGCGAGTCCGA-39. The common reverse primer was 59-TCAGACAAACAGAGGCGAAGCA-GACGGAC-39. The amplified fragments were cloned into the pENTR/ D-TOPO cloning vector (Invitrogen) and recombined into pCMVTnT/gw using Gateway LR clonase mix (Invitrogen).
In vitro transcription and translation reactions were performed using the TnT-coupled wheat germ extract system (Promega). MLPKf1, MLPKf2, MLPKf1 G2A , and MLPKf2 G2A were transcribed and translated in TNT quick master mix containing wheat germ extract (Promega) at 308C for 120 min. Radiolabeling was performed with 5 mCi L-[ 35 S] Met (1000 Ci/mM; GE Healthcare) in the presence of 20 mM amino acids (minus Met) or 50 mCi [9, 10 (n)-3 H] myristic acid (54 Ci/mM; GE Healthcare). Aliquots of reaction products were separated by SDS-PAGE, gels were dried, and autoradiograms were captured by a BAS2500 IP Reader (Fujifilm).
Transient Expression of the MLPK-GFP Fusion Protein
The previously described plasmid 35S:GFP/pBI221 (Murase et al., 2004) was converted to a Gateway-compatible destination vector (pGFP/gw) using the Gateway vector conversion system. The entry vectors for the expression of MLPKf1, MLPKf2, MLPKf1G2A, and MLPKf2G2A were prepared by PCR using the same forward primers used in the in vitro transcription/translation analyses. For the expression of MLPKf2DHR, the following forward primer was used: 59-CACCATGGGTTTTGTGAAAA-AAGTGCAATCAAAAGGTGCGAGTCCGAAGTATATG-39. The common reverse primer was 59-GACAAACAGAGGCGAAGCAGACGG-39. Fulllength S 9 -SRK (D88193) was amplified from stigmatic cDNA of B. rapa S 9 homozygote using the specific primers 59-CACCATGAAAGGTGTAC-GAAACAT-39 and 59-GCGGGCATCTATGACTGAGCAGGT-39. The fulllength RLK-1 (At1g09970) and RLK-2 (At5g25930) were amplified from Arabidopsis thaliana stigmatic cDNA using the following primer pairs: RLK-1, 59-CACCATGGCTCCGTCGTTAAGGAATTTCA-39 and 59-ACTT-ATTTCTTTGACCTTGACATCACT-39; and RLK-2, 59-CACCATGACTC-GTTTACCCTTACCTTTC-39 and 59-TACAAAACCTAAATCTTCATCTTC-TAC-39. All amplified fragments were cloned into the pENTR/D-TOPO cloning vector and then recombined into pGFP/gw. [Kikkoman], 0.4 M mannitol, and 5 mM MES-KOH, pH 5.8) for 2 h at room temperature. BY-2 protoplasts were collected by centrifugation (5 min at 100g) and washed twice in wash buffer (0.4 M mannitol, 70 mM CaCl 2 , and 5 mM MES-KOH, pH 5.8). Polyethyleneglycol-mediated transient transformation of protoplasts was performed as described (Abel and Theologis, 1994) . GFP-expressing cells were analyzed by fluorescence confocal microscopy.
Complementation Experiments
The RFP expression vector, pSLG-RFP, has been previously described (Murase et al., 2004) . For the expression of MLPK-related genes, the pSLG9 plasmid containing the 3.2-kb 59-upstream region of the SLG 9 gene (Murase et al., 2004 ) was converted to a Gateway-compatible destination vector (pSLG/gw) using the Gateway vector conversion system. The MLPKf1, MLPKf2, MLPKf1 G2A , and MLPKf2DHR genes were amplified by PCR using the above-described forward primers and the common reverse primer 59-TCAGACAAACAGAGGCGAAGCAGACG-GAC-39. All fragments were cloned into the pENTR/D-TOPO cloning vector and then recombined into pSLG/gw. The procedure of transiently expressing the RFP and MLPK-related genes in mlpk/mlpk papilla cells was performed as described previously (Murase et al., 2004) . Pistils were collected from B. rapa (S 8 S 8 mm) flower buds 1 d prior to flowering and placed onto Murashige and Skoog nutrient agar medium containing Gamborg B5 vitamins and 3% sucrose. Stigmas were bombarded twice with 100 mg of gold particles (1 mm diameter) coated with 2 mg of each plasmid using the PDS-1000/He system (Bio-Rad) fitted with 900-p.s.i. rupture discs. After incubating 18 h at 228C, self (S 8 S 8 )-or cross (S 9 S 9 )-pollen grains were attached onto RFP-expressing papilla cells using a micromanipulator. After 2 h, the pollen grains were examined microscopically for pollen tube penetration into papilla cells.
BiFC Assay
A hemagglutinin (HA) epitope tag fragment from pGADT7 (Clontech) was inserted into the EcoRV site of pCMV-script (Invitrogen) and designated pCMV-HA. The sequences encoding the N-terminal fragment comprised of residues 1 to 154 (YN), as well as the C-terminal fragment comprised of residues 155 to 238 (YC) of the Venus YFP valiant (Nagai et al., 2002; Shyu et al., 2006) , were amplified using the following primer pairs: YN, 59-AATAAAGCTTATGGTGAGCAAGGGGCGAGGA-39 and 59-TATTCTC-GAGTTAGGTGATATAGACGTTGTGGC-39; and YC, 59-AATTAAGCT-TGCCGACAAGCAGAAGAACGG-39 and 59-AATTCTCGAGTTACTTGTA-CAGCTCGTCCA-39. The amplified YN and YC sequences were integrated into the HindIII/XhoI site of pCMV-HA. The obtained fusion sequences, HA-VN and HA-VC, were inserted into the BamHI/SacI site of pBI221 vector and converted to the Gateway-compatible destination vectors (pVN/gw and pVC/gw, respectively) using the Gateway conversion system. The MLPKf1, MLPKf2, MLPKf1 G2A , and MLPKf2DHR entry vectors were recombined into pVN/gw using Gateway LR clonase mix. SRK, RLK1, and RLK2 entry vectors were recombined into pVC/gw. The plasmid DNA containing eCFP, eCFP/pRSET B , was provided by A. Miyawaki (Shimozono et al., 2006) . The eCFP fragment, excised from eCFP/pRSET B using BamHI and HindIII, was inserted into the BamHI/ SacI site of pBI221 vector and used as a transformation marker.
Transient transformation of BY-2 protoplasts was performed as described above. Twelve hours after transformation, the protoplasts were treated with or without S 9 -SP11 (10 nM), and the fluorescence was monitored by a spectral imaging fluorescence microscope system (LSM510 META; Carl Zeiss).
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers AB121973 (MLPKf1), EF179103 (MLPKf2), At2g28930 (APK1b), At1g07570 (APK1a), At1g14370 (APK2a), and At5g02290 (NAK).
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